We studied survival of 220 calves of radiocollared moose (Alces alces) from parturition to the end of July in southcentral Alaska from 1994 to 1997. Prior studies established that predation by brown bears (Ursus arctos) was the primary cause of mortality of moose calves in the region. Our objectives were to characterize vulnerability of moose calves to predation as influenced by age, date, snow depths, and previous reproductive success of the mother. We also tested the hypothesis that survival of twin moose calves was independent and identical to that of single calves. Survival of moose calves from parturition through July was 0.27 Ϯ 0.03 SE, and their daily rate of mortality declined at a near constant rate with age in that period. Mean annual survival was 0.22 Ϯ 0.03 SE. Previous winter's snow depths or survival of the mother's previous calf was not related to neonatal survival. Selection for early parturition was evidenced in the 4 years of study by a 6.3% increase in the hazard of death with each daily increase in parturition date. Although there was no significant difference in survival of twin and single moose calves, most twins that died disappeared together during the first 15 days after birth and independently thereafter, suggesting that predators usually killed both when encountered up to that age.
Calf moose (Alces alces) in most of Alaska are subject to high rates of mortality due to predation. The major cause of neonatal mortality has been predation by black bears (Ursus americanus) and brown bears (Ursus arctos- Ballard and Van Ballenberghe 1997; Ballard et al. 1991; Osborne et al. 1991; Schwartz and Franzmann 1991) . This is particularly true in the Nelchina Basin of southcentral Alaska, where 83% of all mortality on calves was attributed to brown bears during spring and summer 1977 -1984 (Ballard et al. 1991 . However, body condition of adult moose also may influence calf survival. Testa and Adams (1998) found that body condition of adult females in autumn, strongly affected by survival of that year's calf, affected survival of calves born to them in the subsequent spring. Oth-* Correspondent: wardtesta@fishgame.state.ak.us er factors affecting maternal condition, such as winter severity, also could affect the subsequent vulnerability of neonates.
Although vulnerability of calves to predation is likely to be a function of age, temporal patterns of mortality have not been reported in detail for moose. Also, data from twin and single moose calves have usually been pooled to estimate survival when no difference was detected between them (Ballard et al. 1991 , Osborne et al. 1991 , but identical survival parameters can occur by complete independence of twin deaths or simultaneous deaths of twin calves. Statistical treatment of survival of twins and the modeling of their survival in individual-based models will be different if independence is not assumed. Our objectives were to characterize vulnerability of moose calves to predation by modeling dai-ly calf mortality in relation to age, date of birth, depth of snow the previous winter, and previous reproductive success of the mother. We also tested the hypothesis that survival of twin moose calves was independent and identical to that of single calves.
MATERIALS AND METHODS
Moose were studied in the Nelchina Study Area (NSA): about 4,200 km 2 near the abandoned town site of Nelchina (62Њ15ЈN, 147Њ15ЈW) in southcentral Alaska. Management and ecology of moose in the area from 1952 to 1984 were documented by Ballard et al. (1991) . Since that time, management reports indicate that the population reached a peak in the mid1980s and declined moderately (about 15%) since that time.
Adult female moose were captured in March, November, and December 1994 and November 1995 and equipped with radiocollars (Advanced Telemetry Systems, Isanti, Minnesota and Telonics Incorporated, Mesa, Arizona). Except for 13 moose that were captured by helicopter with a net-gun on 16-17 November 1994, all moose were darted from a helicopter with a mixture of carfentanil-citrate and xylazine hydrochloride (Schmitt and Dalton 1987) . Flights for radiotracking were made daily (weather permitting) from mid-May to mid-June 1994-1997, at 2-3-day intervals from mid-June to the end of June and every 3-4 days during July to monitor survival of new calves; moose were monitored monthly for the remainder of the year.
For survival analyses, moose calves of radiocollared females were treated as if they also were radiocollared. Sighting probability of calves in the relatively open habitat of our study area was 0.97 (J. W. Testa, in litt.) . A calf's death was assigned to the day on which it disappeared and did not thereafter reappear. If a calf's disappearance occurred when the interval between sightings was Ͼ1 day, date of death was assigned to the midpoint of the interval, or randomly assigned to 1 of 2 middle days in the interval. Winter severity was indexed by snow accumulation in late January at a depth marker established in 1964 by the United States Soil Conservation Service at Square Lake (62Њ24ЈN, 147Њ28ЈW), near the center of the study area (Ballard et al. 1991) .
Median date of parturition was determined from radiocollared moose each year and was pooled across years for twin and single births. We tested for a difference in the distribution of parturition dates between twin-and single-born calves using a Kruskal-Wallis statistic (Conover 1980) . Potential problems with sparse data were handled with Monte Carlo simulations to determine an estimate of the exact P-value of the Kruskal-Wallis statistic (Cytel Software Corp. 1995) .
Estimates of survival from parturition through July for all calves were calculated on a daily basis with the staggered-entry Kaplan-Meier procedure (Pollock et al. 1989 ). The temporal pattern of mortality of moose calves was characterized by plotting the date-specific mortality rate with staggered entry of calves as they were born, smoothed with 7-day running averages. Similarly, age-specific vulnerability of moose calves was characterized by plotting the proportion of calves alive that died at each age (in days), the 5-day running average of those values, and linear regression (Weisberg 1980 ). Annual survival was also estimated by the KaplanMeier procedure (Pollock et al. 1989) Two methods were applied to determine independence of deaths of sibling twins. We used a goodness of fit test (Mendenhall et al. 1981) to compare distribution of deaths (1 calf of pair versus both calves dying) during the 1st 15 days of life to an expected distribution based on the Kaplan-Meier estimate of their survival as individuals (Allison 1995) . For contrast, that procedure also was applied to twin deaths from 16-30 days of age. The age criterion of 15 days was chosen because no siblings Ͼ13 days of age disappeared together, and sampling intensity was greatest (daily) up to about 15 days of age. We further tested for nonindependence of deaths of siblings using a Kruskal-Wallis procedure (Conover 1980) with Monte Carlo exact methods (Cytel Software Corp. 1995) . We compared the age at death Յ40 days for twins disappearing together in a single interval (usually 1 day) versus those when only 1 disappeared. Cox's (1972) proportional hazards model was used to determine which factors (year, snow depth, date, and date relative to median parturition date in that year) were important to survival of single moose calves. We tested for nonlinear effects of parturition date (e.g., higher survival of calves born near the peak of parturition) by fitting natural log and quadratic curves to parturition date and date relative to the median and piecewise linear regression models (Neter and Wasserman 1974) . After choosing the most appropriate model (Allison 1995) for survival of single calves, we tested models allowing a shift in either the slope or intercept of the chosen hazard model (Allison 1995) due to a calf being born singly or as a twin.
RESULTS
The earliest calf born was observed on 12 May, with a median date of parturition of 25 May and 80% of births occurring between 18 May and 3 June (Table 1) The date-specific rate of mortality of moose calves was low when calves first appeared ( Fig. 1) but relatively constant at 0.03-0.04 per day from late May to late June and declined thereafter. However, agespecific mortality of moose calves during the 1st 65 days of life declined in a linear fashion from 0.04 per day to nearly 0 ( Fig.  2) . Mortality of calves in 1997 appeared unusual in the late onset and duration of severe mortality (Ͼ0.03 per day).
Survival of twin moose calves up to 15 days of age was 0.50 Ϯ 0.06 SE. In the 1st 15 days, twins tended to die as pairs more often than expected if their deaths were independent ( 2 ϭ 18.77, d.f. ϭ 2, P Ͻ 0.001; Fig. 3) . We compared the specific age at death prior to 15 days of age and confirmed that both members of the pair tended to disappear in the same interval between observations (Kruskal-Wallis statistic ϭ 8.5, d.f. ϭ 1, P ϭ 0.003). Survival of twin moose calves from age 16 to 30 days was 0.42 Ϯ 0.10 SE, but individual deaths were independent in that period ( 2 ϭ 0.11, d.f. ϭ 2, P ϭ 0.95).
Variation in winter snowfall (Table 1) , calf survival the previous season, and year had no effect on survival of single calves ( Table 2) . The best fitting model to explain survival of calves (Fig. 4) contained only date of parturition (␤ ϭ 0.064 Ϯ 0.014 SE, P ϭ 0.0001). We tested for nonlinear effects of parturition date by fitting the natural log of parturition date and quadratic of median parturition, but those models fit less well ( Table 2 ). The fit of the hazard function was not improved by inclusion of slope (P ϭ 0.63) and intercept (P ϭ 0.08) parameters for twins (Fig. 5) . With twins included in the analysis, the hazard of death increased by 6.3% for each 1-day increase in date of parturition (␤ ϭ 0.061 Ϯ 0.011 SE, P ϭ 0.0001).
DISCUSSION
Where brown bears have been identified as the predominant source of mortality on moose calves, estimates of survival of neonates have ranged from Ͻ0.20 to 0.35 (Ballard and Van Ballenberghe 1997; Ballard et al. 1991; R. D. Boertje et al. 1988, in litt.; Bowyer et al. 1998; Larsen et al. 1989 ). In the Nelchina region, 73% of spring to fall mortality of moose calves was caused by predation by brown bears in 1977 -1979 and 1984 (Ballard et al. 1991 , accounting for 44% of calves equipped with radiocollars. Comparable methods of estimating survival of calves to the end of July in Ballard et al.'s (1991) study produced estimates similar to ours (survival ϭ 0.35, Z ϭ 1.57, P ϭ 0.12), although they reported significant annual and spatial variation in survival of radiocollared calves. Lower mortality of calves in summer is usually seen where wolves (Canis lupus) are the principle predator of moose calves, but higher mortality of both adults and calves is likely in winter (Boertje et al. 1996; Hauge and Keith 1981; Peterson 1977; Peterson et al. 1984) . Wolves were implicated in heavy summer mortality of moose calves in interior Alaska, but bears were less abundant than in the NSA (Gasaway et al. 1983) . Because brown bears remain the most abundant and visible predator of moose calves in our study area (Miller et al. 1997 , S. D. Miller 1995 ; J. W. Testa, in litt., J. W. Testa et al., in litt.) and winter mortality remains light, we believe brown bears remain the primary cause of calf mortality. Testa and Adams (1998) found a weak but positive correlation between maternal condition the previous November and survival of the calf born in spring. Although maternal care of dependent young and snow depths in winter can affect female body condition, we could detect no effect of these variables on calf survival. However, maternal investment in the previous calf is only 1 factor affecting a female's condition, and snow depths varied little and never exceeded the threshold for severe suggested by Ballard et al. (1991) or Coady (1974) .
Several studies have demonstrated an advantage to early parturition in ungulates from northern latitudes resulting from neonatal losses to predation or vulnerability of late-born, usually small, calves to winter mortality (Festa-Bianchet 1988; Singer et al. 1997; Smith and Anderson 1998; Whitten et al. 1992) . Other studies have demonstrated selection against both early-and late-born calves (Adams et al. 1995; Clutton-Brock et al. 1982; Smith and Anderson 1996) that would maintain synchrony in parturition (Schwartz 1997) . Countervailing selection pressures against early parturition were not seen in the 4 years of our study, but could operate episodically or in subpopulations through variation in weather (Adams et al. 1995; Bowyer et al. 1998) or predation pressure (Smith and Anderson 1996) . However, Ballard et al. (1991) reported later onset (18 May versus 12 May) and dates of peak parturition (29 May-3 June versus 25 May) in the same area in 1977-1984 that may indicate a shift to earlier parturition dates for moose in this area. Such a shift could result from selection against late-born calves that we observed and would contradict the suggestion by Bowyer et al. (1998) that moose are unable to adjust timing of parturition in response to rapid climate change.
The gradual increase in risk of mortality with later parturition suggests that a gradual change occurred in predation risk during the calving season, possibly due to increasing numbers or efficiency of local predators as more calves are born. Most of the moose in our study gave birth within 5-30 km of the calving ground for the Nelchina caribou herd, which numbered around 44,000 during our study (M. G. McDonald, in litt.) . Caribou calves in similar habitat in Denali National Park, Alaska, were born earlier than moose and appeared vulnerable to brown bears for only the 1st 10 days after parturition (Adams et al. 1995) . A rapid decline in vulnerability of caribou calves and normal movement of the Nelchina caribou herd away from moose calving areas in June would create a potential for preyswitching by brown bears in our study area, consistent with the increasing risk that we observed with late-born moose calves.
The tendency of twins Ͻ15 days of age to die in the same interval and the importance of brown bears as the principle agent of mortality in our study area (Ballard et al. 1991) suggest that very young twins are likely to be killed together when encountered by brown bears. After 15 days, the nutritional value of the first calf or the cost of pursuing the second calf likely has risen enough to discourage further pursuit if a kill is made. That no survival benefit to twin calves was evident after 15 days is somewhat surprising if predation depends primarily on the encounter rate between calves and their large predators. The expected probability of surviving such an encounter should improve for twins once escape by one is assured, unless some other risk is increased.
The dependence of twin deaths that we found in the 1st 15 days after parturition exaggerated the power of statistical tests intended to detect differences in the mortality rates of single and twin calves. Osborne et al. (1991) found that twin moose calves had higher mortality than single calves in 2 of 3 years, but statistical methods used (Ztests) assumed independence of twin deaths and may have been biased. The highest mortality in that study occurred in the 1st 2 weeks of life when such independence should not be assumed. Although our analysis showed a trend toward higher mortality of twins, the exaggerated power of test statistics involving twins suggest the trend was slightly overstated by the resulting P-value (P ϭ 0.08). An alternative approach accounting for nonindependence of twin mortality is to obtain a bootstrap sample of calf family groups and rerun the proportional hazard model to obtain an unbiased estimate of the variance associated with model parameters (Efron 1982) .
Our results raise questions about the role of predation in the evolution of optimum twinning rates in moose. It commonly is assumed that rates of twinning in moose populations are reduced when nutrition becomes limiting (Boer 1992; Bowyer et al. 1998; Franzmann and Schwartz 1985; Gasaway et al. 1992) , and Swedish moose with greater body weight in autumn showed higher rates of twinning (Sand 1996) . With heavy neonatal predation and independence of twin deaths after 15 days of age, the selective advantage to twinning may be greater, and the costs less, because females bearing twins seldom bear the full cost of rearing 2 calves while increasing their chance of successfully rearing one.
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